[1] Results for the solar heating rates in ambient air due to absorption by black-carbon (BC) containing particles and ozone are presented as calculated from airborne observations made in the tropical tropopause layer (TTL) in January-February 2006. The method uses airborne in situ observations of BC particles, ozone and actinic flux. Total BC mass is obtained along the flight track by summing the masses of individually detected BC particles in the range 90 to 600-nm volume-equivalent diameter, which includes most of the BC mass. Ozone mixing ratios and upwelling and partial downwelling solar actinic fluxes were measured concurrently with BC mass. Two estimates used for the BC wavelength-dependent absorption cross section yielded similar heating rates. For mean altitudes of 16.5, 17.5, and 18.5 km (±0.5 km) in the tropics, average BC heating rates were near 0.0002 K d
Introduction
[2] Black carbon (BC, also referred to as soot) is a product of incomplete combustion. Because of its solar light absorbing property and global mass loading, BC plays an important role in anthropogenic climate forcing [Forster et al., 2007] . This direct radiative forcing (RF) from the global accumulation of BC in the 2005 atmosphere is estimated to be about 0.34 (±0.25) Wm À2 [Forster et al., 2007, Table 2.12 and Table 2 .13], split comparably between fossil fuel and biomass burning sources. The direct forcing combined with the albedo effect of BC on snow (0.10 ± 0.10 Wm À2 ), make BC one of the most important emissions for climate forcing and one of the most uncertain. Recent modeling studies show the global and regional importance of BC RF [Jacobson, 2004; Koch and Hansen, 2005; Chung and Seinfeld, 2005; Tripathi et al., 2005; Ramanathan et al., 2001] . Model studies suggest that BC heating may also affect cloudiness (semidirect effect) [Ackerman et al., 2000] , although a subsequent study [Norris, 2001] did not find direct empirical evidence supporting this hypothesis.
[3] Assessing the impact of BC forcings in climate models depends, in part, on improving the representation of BC mass and size distributions in the atmosphere. Most atmospheric measurements involving BC-containing particles currently focus on ensemble properties [Slowik et al., 2007] and usually at altitudes below about 11 km. The recently developed Single-Particle Soot Photometer (SP2) has demonstrated that continuous, in situ measurements of BC mass can be obtained on a particle-by-particle basis from airborne platforms from the surface to the lower stratosphere ($19 km) [Schwarz et al., 2006 [Schwarz et al., , 2008 Shiraiwa et al., 2007] . The work of Schwarz et al. [2008] has significantly augmented the BC data set in the upper troposphere and lower stratosphere in the tropics where previous in situ measurements of the BC component of aerosols are sparse [e.g., Strawa et al., 1999] . This augmentation of BC observations represents a unique opportunity to evaluate the role of BC in climate forcing in the tropics.
[4] The contribution of solar shortwave heating by BCcontaining aerosols can be put in context by comparison to the heating by absorbing trace gases. Ozone (O 3 ) is one of several gases that cause shortwave heating of the tropical tropopause layer (TTL, (14) (15) (16) (17) (18) (19) [Gettelman et al., 2004] . CO 2 and water vapor typically dominate the shortwave heating with values of a few tenths of a K d À1 . Ozone's contribution is small in comparison ((0.1 K d
À1
) throughout most of the TTL but becomes the dominant contribution in the uppermost TTL and above. The altitude of zero radiative heating (Q clear = 0) is also usually found in the TTL because of the strong decrease with altitude of the longwave cooling from water vapor [Gettelman et al., 2004; Harries, 1997] .
[5] In this work, we describe a method that uses in situ measurements of BC mass and number distributions, ozone (O 3 ) mixing ratios, and actinic fluxes to calculate the instantaneous solar heating rates of BC mass and O 3 throughout the TTL region. The approach is not unlike the calculation of photochemical reaction rates using combinations of in situ measurements of aerosol, chemical species, and actinic flux [e.g., Gao et al., 1999; Del Negro et al., 1999] . The following sections describe the airborne measurements, the theoretical basis of heating rate calculations, the choice of BC absorption cross section, and the results for the TTL.
Measurements
[6] The data used in this work were collected during the NASA Costa Rica Aura Validation Experiment (CR-AVE). The CR-AVE mission was conducted in San Jose, Costa Rica, in January -February 2006, and was designed to explore the distributions of trace gases and aerosols in the tropical upper troposphere and lower stratosphere and to provide measurements for validation of the NASA Aura satellite. Extensive BC, O 3 , and actinic flux measurements were made on board the NASA WB-57F high-altitude aircraft in the TTL along with other gas and particle species. Aspects other than radiative heating related to these first SP2 measurements in the TTL are presented by Schwarz et al. [2008] .
[7] BC mass was measured using the NOAA SP2, which uses laser-induced incandescence to detect single particles containing refractory BC. Detailed descriptions of the instrument, detection mechanism, aircraft sampling inlet, BC calibration methods, and the detection of internally mixed particles containing BC are given elsewhere [Schwarz et al., 2006 [Schwarz et al., , 2008 Slowik et al., 2007; Moteki and Kondo, 2007] . Briefly, light-absorbing particles are heated by an intense intracavity laser beam inside the SP2. Any nonrefractory materials coating a BC core are first evaporated. The refractory core then heats to the point of incandescence and evaporates. The detected incandescence in two wavelength bands yields the evaporation temperature, which distinguishes BC from other refractory materials. The sampling and detection efficiency of the SP2 in flight is greater than 90% for particles with BC masses between 0.7 and 300 fg. For BC particles, the peak incandescence signal is proportional to the BC mass of a detected particle and insensitive to coatings typically found in the atmosphere. The mass determination has an estimated uncertainty of ±30% and a detection limit of 0.5 fg. BC mass detection sensitivity is calibrated using carbon spheres of known size and density. A favorable intercomparison of the SP2 with other methods for flame-generated BC particles is reported by Slowik et al. [2007] . The BC mass loading in ambient air is calculated by summing the BC masses of individually detected particles in a known volume.
[8] In the TTL observations presented here, the incandescence or evaporation temperatures of individually detected particles provided no evidence for incandescent particle composition other than BC. This result is consistent with previous SP2 observations in the upper troposphere and lower stratosphere [Schwarz et al., 2006] . Aerosols in the size range 0.08 to 3 mm diameter were also measured on the WB-57F during CR-AVE using the Focused Cavity Aerosol Spectrometer (FCAS) operated by the University of Denver [e.g., Jonsson et al., 1995] . The FCAS aerosol mass is about a factor of 100 greater than BC mass in the TTL and in the upper troposphere and lower stratosphere at midlatitudes [Schwarz et al., 2006 [Schwarz et al., , 2008 .
[9] O 3 mixing ratios were reported as 1-s averages with 5% accuracy using the NOAA dual-beam UV-absorption ozone photometer [Proffitt et al., 1983] . The detection limit is about 1.5 Â 10 10 molecules cm À3 .
[10] Partial actinic flux was measured at 0.2 Hz by the NCAR CCD Actinic Flux Spectroradiometer (CAFS). The CAFS instrument is similar in principle to the Scanning Actinic Flux Spectroradiometer (SAFS) instrument, but eliminates the need for scanning by using a CCD detector [Shetter et al., 2003] . The CAFS spectral response was determined in the NCAR optical calibration facility using precision radiometric power supplies and multiple 1000-W, quartz tungsten halogen lamps traceable to National Institute of Standards and Technology (NIST). Measurement drift during the mission was traced using secondary lamp standards before each flight. Mercury line calibrations were performed to track the wavelength accuracy. The accuracy of the CAFS actinic flux measurement is a function of the uncertainties in the 2p-steradian light collection efficiency, calibration distance, wavelength registration, band-pass, and the calibrated flux of the NIST traceable irradiance standards. The total uncertainty is primarily due to the NIST calibrated flux uncertainty, estimated to be 5% in the UV-B and 3% in the UV-A wavelength regions. The CAFS precision is 0.1-0.2% under temperature-controlled flight conditions.
[11] The CR-AVE data were filtered to create a subset for this study (Table 1) . Only measurements made between 16-and 19-km altitude were chosen for the following two reasons. First, a significant amount of WB-57F flight time was spent in level flight segments within this altitude range where CAFS produced most of its data (CAFS data are only available above about 10 km). Second, there were no optically thick clouds at these altitudes or higher along the flight tracks, making modeling of actinic flux a simpler task because surface albedo becomes the only adjustable parameter.
[12] The vertical profiles of averaged BC mass and O 3 mixing ratios are shown in Figures 1 and 2 . BC mass mixing ratios in the TTL region are mostly between 0.1 and 5 ng kg-air
À1
. The values are very comparable to those found in the upper troposphere and lower stratosphere at midlatitudes [Schwarz et al., 2006] . Below 5 km, values are much larger than in the TTL due to the proximity to BC sources. Because the BC size distribution is critical for this study (see below), the TTL data are averaged into three 1-km altitude bins centered at 16.5, 17.5, and 18.5 km to provide statistical confidence in the distribution while providing some vertical resolution. The statistics of the BC data within these three intervals are given in Table 2 . Figure 3 shows the BC size distribution in the TTL. This size distribution is similar to the size distribution at lower altitudes [Schwarz et al., 2008] . BC mass is expressed as a function of volume-equivalent diameter (defined as a diameter of a sphere with an assumed mass density that contains the same BC mass as the sampled particle) assuming a BC density of 2 g cm À3 [Schwarz et al., 2008] . The complete size distribution function of BCcontaining particles in the atmosphere and its variability are not known. For an assumed lognormal distribution, the fit to the average distribution is shown in Figure 3 with the function provided in the figure caption. This lognormal fit indicates that the SP2 provides a measure of most ($90%) of the BC mass in this mode [Schwarz et al., 2008] .
[13] The ozone data are typical for a tropical site with low values (<100 ppb) in the free troposphere, increasing gradually with altitude in the TTL and increasing strongly with altitude in the lower stratosphere [Marcy et al., 2007; Thompson et al., 2003] . Ozone statistics for the three altitude intervals are shown in Table 2 .
[14] The actinic flux, f l , is measured by CAFS in two components, nadir (upwelling 2p sr), and zenith (downwelling 2p sr), and combined to form the total actinic flux (4p sr) along the flight track. For CR-AVE, the primary use of the zenith CAFS measurement was for the derivation of partial ozone columns above the aircraft (I. Petropavlovskikh et al., An algorithm for the CAFS ozone retrieval in support of the Aura satellite validation, submitted to J. Geophys. Res., 2008) . To improve the ozone retrieval, the lowest 10°of the downwelling flux were obstructed with an extension on the optical shadow ring, thus reducing the variability of the diffuse radiation detected. For the purposes of this study, the diffuse light obstruction accounts for a relatively small proportion of the total flux in the TTL region.
[15] The CAFS flux was measured over two wavelength intervals, one in the near-UV (310-396 nm) and one in the visible (664-679 nm). Averages for nadir, zenith, and total fluxes are shown in Figures 4 and 5 as a function of wavelength along with the standard deviation and number of measurements. The average total flux in Figure 4 is used in the calculations for the three altitude intervals between 16 and 19 km since there is only a weak altitude dependence of the flux in the TTL. The flight-to-flight variation is small in the zenith and significantly larger in the nadir values due to scattering from patchy clouds under the aircraft.
Calculations

Local Heating Rates
[16] The instantaneous energy absorption rate of BC (a BC ) from solar radiation in the wavelength range of l ! l + dl incident on BC particles in the diameter range of D p ! D p + dD p is given as:
where h is Planck's constant, c is the speed of light, D p is the BC particle diameter, n Dp is the BC number density between D p and D p + dD p , f l is the actinic flux between l and l + dl, and s(D p , l) is the absorption cross section of a BC particle of diameter D p at wavelength l.
[17] Integrating equation (1) produces the total instantaneous energy absorption rate (A BC ) of BC as:
This assumes that there is no radiative loss of the absorbed solar energy and heat is efficiently transferred from BC particles to the surrounding air. The particle diameter range is based on the data shown in Figure 3 . The lower limit of the wavelength range corresponds to the wavelength for which atmospheric UV absorption reduces the solar flux to negligible values at the altitudes considered here. The upper limit corresponds to the wavelength for which the BC absorption cross sections become negligible. Since the absorbed solar energy heats the BC mass directly and the BC particles are in good thermal contact with the ambient air, the reradiation by the BC due to increased temperature should be negligible and the end effect of absorbed solar energy is therefore ambient air heating. The ambient air heating rate due to BC energy absorption is:
where r and C p are the air mass density and heat capacity (1.007 J/g-K), respectively. Table 1 . Symbols are the same as in Figure 1 . Mean value of 90-s averages found in 1-km altitude intervals from the flights listed in Table 1 .
[18] The total instantaneous energy absorption rate due to O 3 solar absorption, A O3 , is:
where the square bracket denotes O 3 concentration, and s(l) is the O 3 absorption cross section at wavelength l as shown in Figure 6 . The photon energy that is absorbed by O 3 is assumed to be completely converted to thermal energy in the ambient air. Below about 40 km, radiative processes are not important in the relaxation of the products of O 3 photodissociation [Mlynczak and Solomon, 1993] . The ambient air heating rate due to O 3 energy absorption is:
Actinic Flux
[19] A wider and more complete wavelength range of actinic flux than is shown in Figure 4 is required for accurate heating rate calculations. To complete the flux spectrum, we used model calculations from the pseudospherical version of the Discrete Ordinates Radiative Transfer Code (DISORT), as implemented in the libRadtran software package [Mayer and Kylling, 2005] . The radiative transfer model parameters are listed in Table 3 . Modeled f l values are shown in Figure 5 along with the CAFS measurements over the CAFS wavelength range (310 -690 nm) and the full spectrum (310-2500 nm). The zenith results agree well with the measured values and do not need any adjust- Table 2 is increased to account for this difference. A larger correction to observed mass was made for the flight data from 30 January and 1 and 2 February because of higher detection thresholds for particle size. ments. However, it is unclear why the agreement decreases somewhat in the 664 -679 nm region. In contrast, the nadir values required adjustment because they depend strongly on surface albedo. A model albedo value of 0.4 provided the best match to the flux measurements, which is consistent with the observed patchy cloud field beneath the aircraft. Overall, the modeled f l values for 310 -2500 nm are sensitive to local time (solar zenith angle) and surface albedo, but insensitive to altitude in the TTL and O 3 column amount (except at wavelengths <320 nm).
BC and O 3 Absorption Cross Sections
[20] Direct measurements of the wavelength-dependent absorption cross sections for ambient BC particles are not available. To estimate the cross sections, Mie theory is used ) and geometric cross section. Contours of absorption cross section are labeled in units of mm 2 (10 À8 cm 2 ). Results are shown using Mie theory for the (A) spherical-particle (SP) and (B) Rayleigh-Debye-Gans (RDG) approximations. The ozone absorption cross section is shown in Figure 6C .
with two approximations about the distribution of BC mass in the particle. In this section, all BC particles are assumed without coatings. Since the absorption cross section enhancement by the coatings is mathematically a multiplying factor, the coating effect can be treated separately and will be discussed in section 4. In the first approximation, measured BC particles are assumed to be spherical particles (SP) with a density of 2 g cc À1 [Schwarz et al., 2008] . With this assumption, the absorption cross sections can be directly calculated using Mie theory. An index of refraction of (2, À1) was used for the SP particles [Gao et al., 2007] . The second is the Rayleigh-Debye-Gans (RDG) approximation in which measured BC mass is assumed to be an aggregate of noninteracting spherules that do not have significant multiple scatterings [Sorensen, 2001] . The size of the spherules is not critical and is set at 50-nm diameter for this study [Bond and Bergstrom, 2006] . The index of refraction used for the spherules is also (2, À1). Because the interactions between spherules are ignored, the resulting absorption cross section of a given BC particle at any wavelength is proportional to its mass with the RDG approximation. This proportionality is consistent with laboratory results [Schwarz et al., 2006] , where it is shown that the emission intensity of incandescing BC particles is proportional to BC mass. The calculated absorption cross sections from both methods are shown in Figure 6 as functions of volume-equivalent particle diameter. Both approximations show the general trends that the absorption cross section decreases with wavelength at a given particle size (except at shorter wavelengths for the SP approximation) and increases more strongly with particle size at a given wavelength. However, the RDG approximation has a stronger size dependence at the shortest wavelengths. The comparison of the absorption cross sections with the geometric cross sections in Figure 6 indicates that BC particles are efficient absorbers of incident solar radiation in the visible and near infrared and become increasingly transparent as the wavelength extends into the far-infrared.
[21] In order to better compare with existing measurements of BC absorption properties, the mass-specific absorption cross sections (MSACS) are shown in Figure 7 for both approximations. The values calculated with the RDG approximation agree well with the experimental results of Schnaiter et al. [2003] between 200 -500 nm. The SP approximation values are significantly lower than the RDG values below 400 nm, consistent with the comments below regarding its ''shielding'' effect. Both approximations agree with the external-mixing limit of Chou et al. [2005] at 632.8 nm. At 550 nm our results are approximately 20% lower than that of Bond and Bergstrom [2006] . We note that our RDG MSACS values are well reproduced by the double exponential fit: MSACS ¼ 1:014 þ 9:582 expðÀ0:0016397lÞ þ 72:74 expðÀ0:0087986lÞ ð 6Þ
[22] The ozone absorption cross sections as shown in Figure 6 were taken from the MODTRAN database for a temperature of 200 K [Berk et al., 1998 ]. Average ambient temperatures in the three altitude intervals ranged from 187-194 K (Table 1) . The cross sections at wavelengths between $1100 nm and 2500 nm were assumed to be zero.
Results and Discussion
[23] The total instantaneous BC energy absorption rate, A BC , from solar radiation can be calculated for a BC particle using its mass, the BC absorption cross section, and the actinic flux. Results are shown in Figure 8 for a 1-m 3 volume at 16.5 km as a function of the particle size and the wavelength of the incident solar radiation using the size distribution in Figure 3 , the RDG cross sections in Figure 6 , and the flux in Figure 5C . A BC is essentially zero below 300 nm because atmospheric UV absorption reduces the solar flux to negligible values. Although the absorption cross section increases with BC mass per particle, A BC maximizes very near the peak of the mass distribution (Figure 3) . In contrast, the wavelength-dependence of the energy absorption rate peaks near 400 nm, which is somewhat below the peak solar intensity. The gradual decrease of the energy absorption rate with longer wavelengths results from the combined reduction of absorption cross sections and available solar energy.
[24] The comparison of the energy absorption rates calculated with the SP and RDG approximations in Figure 8 shows differences on the order of 10%, despite significant differences in the cross sections ( Figure 6 ). The largest relative differences occur in two regimes, (1) large BC igure 7. Mass-specific absorption cross sections calculated using the measured black-carbon mass distribution in Figure 3 . masses and (2) short wavelengths. These two regimes, however, contribute relatively little to the overall energy absorption rate as shown in Figure 8 , due to the dependences of the BC mass and actinic flux distributions on size. In regime (1), the SP approximation likely underestimates the absorption cross section for larger particles because in the single-sphere assumption too much mass is shielded from incident solar radiation (i.e., skin depth is less than the particle radius), while the RDG approximation may overestimate the absorption cross section in regime (2) because it ignores the shielding effect completely. The agreement of the results from these two approximations suggests that the real uncertainty in either method is no larger than 10%. The agreement occurs because near the BC mass-distribution peak ( Figure 3 ) the SP absorption cross section is roughly proportional to BC mass (or diameter to the third power) according to Mie theory. The agreement indicates that the choice of approximation is insensitive to the morphology or fractal nature of the BC mass when the distribution peaks near 200 nm. Thus we recommend that the RDG approximation in this and similar cases.
[25] The shortwave solar energy absorption of BC and O 3 integrated in a 1-m 3 volume is shown in Figure 9 as a function of altitude for 2-PM sun angles (Table 1) using average BC and O 3 values (Table 2 ) and the average shape of the BC size distribution (Figure 3) . The average BC energy absorption rate is about a factor of 100 less than the O 3 absorption rate at all three altitudes. If the maximum BC mass concentrations (Table 2) are used, the energy absorption rate is still only 10% of that of O 3 (Figure 9 ).
[26] The presence of a coating on BC-containing particles can be detected and quantified with the SP2 under a range of conditions if a two-element detector is used to record a particle's scattered light [Gao et al., 2007] . In a separate analysis, a coating was detected on at least 80% of the BC particles in the TTL data sets used here [Schwarz et al., Figure 8 . Instantaneous BC energy absorption rates at 16.5 km from shortwave solar radiation using the SP and RDG approximations. The calculations all assume the BC size distribution in Figure 3 , the solar actinic flux in Figure  5C , and either the SP or RGB cross sections in Figure 6 . ( [Toon and Ackerman, 1981; Jacobson, 2006] . The absorption enhancement caused by the coating is estimated to be about 1.5 for dry BC particles [Schwarz et al., 2008] . The BC-containing particles are dried when they are sampled from the atmosphere and measured by the SP2. Because the drying process shrinks the BC coating thickness, the enhanced absorption values derived from the SP2 measurements systematically underestimate the enhancement. Schwarz et al. [2008] reported a further enhancement factor of 1.6 by ambient water vapor. Here we use an overall enhancement factor of 2 (1.5 Â 1.6) in order to estimate the maximum BC energy absorption and heating rates. With the additional factor of 2, the BC energy absorption rates remain at least a factor of 4 lower than the O 3 energy absorption rates in the air parcels with the maximum BC loadings (Figure 9 ). We note that our BC results depend on the index of refraction value used in the calculations, which is chosen to be (2, À1). This index reproduced reasonable scattering amplitudes for SP particles, and bounded the lower limit of scattering amplitudes of laboratory-generated BC particles, as measured with the SP2 at 1064 nm [Gao et al., 2007] (SP particles were referred as glassy carbon spheres by Gao et al. [2007] ). Bond and Bergstrom [2006] suggested using an index of (1.95, À0.79) at 550 nm wavelength. If this index is used in our calculations, our BC results in Figures 7 and 8 will be approximately 15% lower. We note that a single index of refraction value for the entire wavelength range may not be adequate. When more comprehensive index of refraction data are available, our calculations should change accordingly.
[27] The ambient air heating rate from solar shortwave absorption by BC and O 3 is expressed in units of K d À1 in Figure 10 . The heating rates are calculated from equations (3) and (5) assuming a 24-h average solar exposure that is one third of that at 2 PM, the local time of the majority of measurements. Although the solar shortwave energy absorption rates depend on the absolute BC and O 3 concentrations, the heating rates are proportional to BC and O 3 ambient mixing ratios. The results show that average BC mass yields a heating rate in the TTL of 0.0002 K d
À1
, which is likely negligible in most climate forcing analyses. However, as similarly stated for the energy deposition results, the maximum BC heating rate could approach 10% of the O 3 heating rate under conditions of high mass loadings and high coated fraction.
[28] The heating rates in Figure 10 may be easily extrapolated to lower altitudes under clear-sky conditions because the altitude dependence of the actinic flux is relatively weak below the TTL in the absence of cloud effects. BC mass mixing ratios near the ground in Figure 1 are about three orders of magnitude higher than that at 18.5 km with little change in size distribution [Schwarz et al., 2006 [Schwarz et al., , 2008 . On average, BC coatings at lower altitudes are lower and more variable that in the TTL and the relative humidity is higher. These effects offset each other, at least partially, in their effect on BC absorption. Therefore by simply considering the observed average BC-mass profile presented here, a good approximation of the BC heating rate near the ground under clear-sky conditions can be calculated as 0.2 K d À1 , which far exceeds the TTL estimate.
[29] More in situ observations of BC mass and size distribution in the TTL are required before the representativeness of the results in Figures 8 and 9 will be known. The sample variability (1s) of BC mass loading along the flight track exceeds 100% of the average values (Table 1) even at the highest altitude where the largest number of samples was acquired. The TTL heating rates have the same variability since they are linearly dependent on BC mass mixing ratio and the variability in actinic flux is much lower. In contrast, the flight-to-flight variability in the peak of the BC size distribution is much smaller (Figure 3) . Heating rates may also change with season if the transport of BC to the TTL changes due to changes in biomass burning and convective transport. For example, preliminary unpublished SP2 results from TTL measurements in the convective season (August) in Costa Rica show substantially higher BC mass loadings (Â5).
[30] The uncertainties in A BC and A O 3 can be estimated by evaluating uncertainty in the terms in equations (2) and (4). For simplicity, the uncertainties in the wavelength and sizedependent terms can be chosen to be constant at the maximum uncertainty over the integration interval, thereby providing an upper bound to the overall uncertainty. Thus the overall uncertainty is obtained by assuming the individual terms are independent and adding them in quadrature. For both energy absorption rates, the uncertainty in f l is estimated at 20%. For A O 3 , the O 3 concentration is known to 10% and the absorption cross section to 20%. The overall uncertainty in A O 3 is 30%.
[31] Uncertainties in BC mass loading values used in A BC include those in the SP2 sampling efficiency (<10%), mass calibration (<10%), particle counting efficiency (<10% when BC mass >10 fg), mass determination uncertainty (30% at any BC mass value, <10% for total mass for the mass distribution shown in Figure 3) , and the assumption that the real BC distribution is a lognormal (undetermined experimentally, assumed to be 30%). The total uncertainty Figure 10 . BC heating rates as a function of altitude for the BC mass and ozone mixing ratio profiles shown in Figure 1 . The BC results are shown for average BC mass loadings, the maximum mass loadings, and the maximum loadings with estimates of enhanced absorption due to coatings. The gray band indicates local tropopause locations.
is estimated to be 36%. Uncertainties in s(D p , l) include those in the two approximations for cross section calculations ($10%), BC density ($10%, difference between 1.7 and 2), and index of refraction ($15%, difference between (2, À1) and (1.95, À0.79)). The total uncertainty in s(D p , l) is about 21%. The overall uncertainty in A BC is therefore about 42%.
Concluding Remarks
[32] Instantaneous ambient-air heating rates have been derived for BC and O 3 solar shortwave energy absorption using in situ measurements of BC, O 3 , and actinic flux, and a radiative transfer model in the time period of JanuaryFebruary 2006 above Costa Rica. Two approximations (RDG and SP) to the BC absorption cross section were used and compared in the calculation for BC heating. BC heating is on average a factor of 100 (and least a factor of 4) less than O 3 heating in the sampled TTL region in late January to early February 2006, between 16 and 19 km. The O 3 heating rate in this region is 0.01 -0.06 K d
À1
. These results suggest that BC heating is not important in the TTL in comparison to heating by other gas-phase absorbers (CO 2 , H 2 O, and O 3 ). However, BC heating is more substantial at lower altitudes where heating rates are estimated to increase up to 0.2 K d À1 near the ground.
[33] The heating rate results using the two approximations agree within 10%, although the RDG approximation leads to better agreement with previous studies of the MSACS. In addition, the RDG approximation is more efficient computationally. The good agreement between the two approximations is mostly due to the BC size distribution peaking near 200-nm VED. This dominant peak appears to be fairly robust feature in the atmospheric observations [Schwarz et al., 2006 [Schwarz et al., , 2008 . We therefore recommend using the RDG approximation exclusively in future studies if the associated size distributions are similar to the one shown in Figure 3 . Equation (6) is an analytical representation of the MSACS for the BC measured between 17 and 19 km during CR-AVE. We caution, however, that the equation may not be universally applicable. The MSACS is also dependent on the shape of the BC mass distribution.
